Multifunctional agriculture and agrobiodiversity
Since it was first mentioned at the Earth Summit 'Rio 92', MFA has been widely addressed in development, policy and scientific arenas [6] . MFA aims at redirecting the production of agricultural goods towards the provision of other goods, services and functions that could benefit not only the social, environmental and economic circumstances of the farmer but also those of society [3, 5, 7] . The main objectives of MFA are to accomplish: a) stewardship of production and consumption, b) support of rural development, and c) improvement of farmers' incomes [8] . Although these goals are broadly accepted, their political implementation is hindered by a lack of integration due to the complex nature of the concept and the large number of involved stakeholders [3, 9] .
MFA has mostly been assessed by considering the biophysical, social and economic aspects separately, thus weakening its representativeness and usefulness for decision-making [2, 10] . Alternatively, integrative frameworks like the 'ecosystem approach' are repeatedly proposed. These rely on participation and ad hoc design, and stress the delimitation of the key dimensions of the system, e.g., economic, ecological and social, determination of interactions and trade-offs among them, identification and scoring of indicators [11] , and the design and confronting of alternative scenarios [9] .
Biodiversity refers not only to the diversity of genes, species, populations and ecosystems, but also to the structural and functional interplay among these [12, 13, 14] . Hence, its study ranges from focusing on its importance for species survival, evolution and ecological homeostasis [15] to the provision of goods and services to society. The study of the latter is challenging due to the numerous economic, ecological, social and spiritual benefits that biodiversity is able to offer [16] . Through its expansion, agriculture as a provider of goods and services for human welfare may contribute to the depletion of biodiversity to the detriment of natural habitats, to the increased use of noxious substances and practices, and to the genetic erosion of native crop varieties and species [17, 18, 19] . However, on the other hand, some agricultural practices such as agroforestry have been shown to increase, together with the social and economic benefits for livelihoods, the environmental benefits [20, 21, 22] , including biodiversity [23] .
Research on agrobiodiversity aims to encourage the integration of the four types of biodiversity values, i.e., intrinsic, utilitarian, bequest, and supportive [24, 25, 26] by promoting the production of multiple goods, services and functions to satisfy different stakeholder demands [27, 28] and by underlining the improvement of the farmers' life standard rather than focusing on pure conservation [23] . But in practice, these objectives have been poorly implemented, instead, standardized ecological procedures such as taxonomic diversity, indicator groups or keystone species, indices of abundance and diversity or genetic mapping have usually been applied to investigate agrobiodiversity [29] [30] [31] [32] [33] [34] [35] , hereby generating outcomes of limited use due to their restrictive character and lack of attention to the processes that generate and/or maintain agrobiodiversity itself [36, 37, 38] .
In this research we try to overcome this. Paying more attention to the assemblage and roles of the components [12, 27] , as well as to the enhancement and encouragement of involved processes [38] , we hypothesize that the broad generation of beneficial outcomes (multifunctionality) should contribute to an increase in the sustainability of the agroforestry systems [39, 40] , an assertion that, although widely expressed in academia, has been rarely tested [40] .
Materials and methods

The case study: Tomé-Açú agroforestry systems in the Brazilian Amazon
The field study was carried out in the municipality of Tomé-Açú, Pará state, northern Brazil (2° 40' 54" S, 48° 16' 11" W). The region is flat and the predominant soil types are oxisols, the mean annual temperature is 26.4°C, annual precipitation is about 2600 mm, and relative humidity often exceeds 80% [41] .
The population of Tomé-Açú is the result of successive waves of settlement. The first, in the 1930s, saw the arrival of Japanese colonists. Later, in the 1960s, through trial and error these developed highly diverse, productive and profitable agroforestry systems relying on an efficient organization and appropriate technical advice for production, post-production and commercialization [41] [42] [43] [44] .
The 'Tomé-Açú agroforestry model' is characterized by the succession of fallow areas by cash crops such as leafy vegetables and high-value species like black pepper (Piper nigrum), later gradually enriched with perennials species like fruit, wood or other trees and palms such as mahogany (Swietenia macrophylla), cupuaçu (Theobroma grandiflorum), cacao (Theobroma cacao), rubber (Hevea brasiliensis), açai (Euterpe oleracea), etc. The management focuses on the spatial and temporal arrangements of the tree species, seeking to optimize the ecological benefits, e.g., soil fertility, sunlight capture, control of pests and diseases, etc., and also on the financial benefits, e.g., generation of high market-value products, several harvests per year to spread the risk of losses [41, 42, 43] . This complex management is facilitated by the Mixed Agricultural Cooperative of Tomé-Açú (Portuguese acronym: CAMTA) that performs as a key hub for organization, technical advice, and marketing [41] [42] [43] [44] .
This agroforestry model expanded into neighboring areas through the adoption by later immigrants, initially due to the higher revenues of cash crops and later to the economic and ecological benefits and the increased resilience compared to the traditional systems [44] .
Hence, for this study, the farmers were classified by means of a cluster analysis based on farm size, technological standard, land tenure system, and organizational capacity. The first group, 'CAMTA partners', includes mostly descendants of the Japanese colonists. These are well-established owners of mediumsized farms (approx. 200 ha), their AFS are highly complex, they are associated with the CAMTA, and their production is market oriented. The second group, immigrants, is generally composed of second-generation settlers living in the region for about 30 to 40 years, who own farms sized 50 to 100 ha, with intermediate production technology, lower diversity and preference for cash crops, based on family labor, and with minimal organization for marketing. The third group, newcomers, who arrived in the region in the 1990s, are beneficiaries of a government settlement program. Their properties do not exceed 50 ha, agroforestry plots are young, managed with medium or low technological standards; there is no or very little community organization and the access to external markets is limited.
Multicriteria and multivariate analysis
Multicriteria analysis (MCA) treats a phenomenon by subdividing it into a hierarchy of interdependent phenomena each with its own goals and demands [36, 45] . It operates top-down and bottom-up simultaneously by breaking down broad processes into sub-processes until easily measurable proxies are obtained [36, 46] , and inversely by weighting and scoring lower-level proxies and aggregating them [47, 48] .
MCA can help to measure the partial and overall performance of a system. For this, the Analytic Hierarchy Process (AHP) is applied. Each proxy is weighted and the weights of proxies at the same hierarchical level consolidated through pair-wise comparisons [48] . Mathematically, this is expressed as a matrix A where the weights of all n subordinate proxies (w 1 , w 2 , …w n ) are compared until reaching n(n-1)/2 combinations (Equation 1) [49] .
Equation (1)
The single restriction is that the sum of the subordinate proxies (w 1 , w 2 , …w n ) must equal 100% of the upper level proxy (W) (Equation 2).
Equation (2)
The weights of the proxies are tabulated into quintiles and scored, i.e., 1 -5. The scores of the upper-level proxies are the average of the lower-level proxies, making it possible to obtain ratios that allow comparing and ranking the partial or the general system performance [50] (see Appendix).
In this study, four levels of proxies were determined: functions (F), criteria (C), indicators (I) and verifiers (V). These were successively divided, i.e., functions into criteria, criteria into indicators, and finally, indicators into verifiers to gain detail.
For the definition of proxies, the examination of existing sets1 together with stakeholder participation was used. For aggregation and weighting, workshops with local stakeholders, i.e., farmers, decision makers (technical advisers and political authorities), and scientists were held. In the definition of the proxies, the top-down approach was preferred, where general assertions are broken down into more specific statements and measurements. For aggregation and weighting, the bottom-up approach was preferred, thus the specific measurements and scores made at the lower level support the more general assertions at upper levels. The proxies were successively refined by testing them in the field based on their relevance, representativeness, appropriateness and ease of application [47, 51] .
Once the set of proxies had been defined covering most relevant ecological, productive and operational aspects, they were collected through the application of surveys to farmers, biophysical measurements in the field, interviews with local stakeholders, and literature reviews. The survey comprised the farming system's characteristics, i.e., socioeconomic and biophysical conditions, and technical, managerial and institutional settings. For the field measurements, one agroforestry plot per farmer was selected. The plot was geo-localized, the agroforestry system characterized, species composition and biomass at various levels estimated, and vegetation and soil samples taken. Institutional, managerial and political proxies were addressed via interviews with key informants, and for validation and cross-checking specific scientific literature was consulted.
The ratio Sustainable Management Index (SMI) was obtained cumulatively for the performance of the system as a whole, and partially considering ecological, productive-biophysical, productive-socioeconomic, and operational aspects. These were calculated separately for the three groups of farmers defined previously, i.e., CAMTA partners, immigrants and newcomers, and compared using Analysis of Variance (ANOVA) to identify the system's most influencing features.
Subsequently, the proxy weights were analyzed using multivariate analysis (MVA). This comprises statistical procedures to identify the simultaneous interplay of variables in situations where each variable cannot be meaningfully interpreted separately [52] . The chosen procedure was factor analysis, which put together the proxies of higher eigenvalues into composite factors, thus allowing the identification of the underlying structure of the system. The extraction subroutine used was principal component analysis (PCA), and the rotation procedure applied was varimax with Kaiser normalization.
Multicriteria analysis was carried out with the software Criteria and Indicators Modification and Adaptation Tool (CIMAT), and ANOVA and MVA were implemented using the Statistical Package for the Social Sciences (SPSS).
Results
Identified proxies and SMI comparison
The selected proxies covered ecological, productive (divided into biophysical and socioeconomic) and operational functions collected at plot, landscape and region levels. For example, operational functions related to policy decisions were obtained at the regional level, while biophysical functions such as tree crop species were evaluated at plot level.
As mentioned above, the approach was applied topdown for the definition of the proxies and bottom-up for their interpretation, e.g., ecological functions (F1) referred to the ecological processes that affect, maintain, strengthen or restore agrobiodiversity (C11). To address this, four indicators were identified, i.e., nutrient cycling (I111), species diversity (I112), biomass accumulation (I113) and soil erodibility (I114). These indicators were subdivided into specific verifiers measurable on the ground, e.g., for nutrient cycling (I111) the two verifiers were organic matter (V1111) and nitrogen (V1112) in the topsoil. A similar procedure was applied to all functions until reaching 6 criteria, 18 indicators and 32 verifiers. (Table 1 ).
The comparison of the means of the cumulative SMI and the SMI's for productive-biophysical and operational functions show statistical differences for the three evaluated groups (Figure 1) .
The cumulative SMI of the CAMTA partners is higher than that of newcomers and immigrants. Regarding the ecological functions, the value for newcomers and CAMTA partners is higher than that of the immigrants. It is argued that newcomers, by their shorter presence in the region, have had less effect on the ecosystems, and that CAMTA partners, by their better organization and management, have mitigated their impact, while immigrants have been established long enough to have had adverse ecological effects but not long enough to develop coping measures. A good example of this is the soil management of the CAMTA partners based on continuous mulching and minimum tillage. Through this practice, soils rich in organic matter and micronutrients have developed, and erodability is low due to the physical stability provided by surrounding trees. These processes need a long time to become effective.
Concerning the SMI for productive-biophysical functions, the variability is smaller, which indicates similar technical production standards. The immigrants' slight superiority is explained by a paradox in the economy of scale: Whereas CAMTA partners are medium-sized farmers with less intensive management and focused on overall production, immigrants own smaller plots and focus on increasing the productivity per unit area.
The SMI for productive-socioeconomic functions show the greatest variability, implying a wide range of responses within and between farmer groups, including household food security, market access and diversification of production, and reinvestment in the farm. On average, CAMTA partners and newcomers are better off due to the greater overall profit and market integration in the case of the CAMTA partners, and the closer social relationships Operational functions rely less on an individual's decision-making and more on institutions. Thus, the clear superiority of the CAMTA partners compared to immigrants and newcomers is determined by their efficient organization and the strong institutional backup.
Integrating proxies: factor identification and interpretation
Of the whole set of 32 verifiers, 10 verifiers showed as much as 62% of the overall sample variability (above 50% are considered representative). These were grouped to form four factors ( Table 2 ).
The interpretation of the factors was made based on the thematic overlap of the proxies with the pre-defined functions, i.e., productive, ecological and operational.
The first factor, tagged as 'production-related', combines the proxies "use of low-impact techniques" (V2422), "adaptability to changes" (V2431) and "awareness of the introduction of exotic species" (V2111). "Woody species richness and evenness" (V1121) plays an 'antagonist' role, since its variance is negative. The factor stresses the farmers' technical management capabilities to encourage agrobiodiversity, and also the importance of their adaptability regarding political, environmental and social changes. However, these may contribute to the reduction in biodiversity of the perennial component.
The second factor, 'ecology-related', compiles the proxies "amount of biomass of the woody component" (V1131) and "level of interaction among species" (spacesharing ratio between annuals and perennials; V2231). Larger biomass stocks (mainly a function of woody species) and predominance of woody-dominated systems encourage biodiversity conservation and the provision of biodiversity-related functions. These are surrogates well supported by agroforestry literature: the more biomass and the larger the species diversity, the more interactions and the higher the efficiency in supporting biophysical processes [39, 53, 54] .
The third factor comprises the proxies "demand for agroforestry by-products" (V4122) and "farmer's technical background" (V2421), which oppose each other. The final factor consists of "system profitability" (V3121) and "diversity (richness and evenness) of non-woody species" (V1122), also counteracting each other. In both cases, the overall importance of environmentally friendly management and market orientation in managerial decisions are again underlined.
In sum, caring for farming practices of low ecological impact, an updated technical training, high adaptability to political and economic changes, involvement in the conservation of the environment, and seeking for financial profitability are the farmer's key qualities that encourage multifunctional farming with emphasis on agrobiodiversity. But these can be compromised with the decline in indices of woody and non-woody biodiversity and a reduction in the generation of by-products.
These conditions fit well with agroforestry management principles such as searching for environmental homeostasis, and encourage ad-hoc (sitespecific) decisions [55, 56, 57] . They are also in accordance with the general principles of sustainable farming [14] . Special attention, however, should be paid to financial profitability, which could lead to trade-offs, and which is necessary for the sustainability of any form of land use [22] . It should therefore be pursued as a primary aim of most farming systems [20] , which is not always the case in the study area.
Other measures such as the preference for low-impact techniques and management adaptability are beyond the scope of individual farmers, and require input from organizational or institutional bodies. Accordingly, the ANOVA results show that CAMTA partners perform better concerning productive, operational and in general than immigrants and newcomers in doing multifunctional farming. Overlapping is direct, since CAMTA concentrates on encouraging ecological farming methods and supporting them technically, besides coordinating the collection, post-production and sale of products and by-products.
The antagonistic roles of certain proxies, e.g., "system profitability" versus "diversity of non-woody species", or "demand for agroforestry by-products" versus "farmer's technical background", are not symmetrical, i.e., the diminution of one does not provoke a proportionate increase in the other. Rather there is a trade-off in their involvement: The increase or decrease in a certain proxy might influence the increase and/or decrease in one or more other proxies to various extents. Hence, the exploitation of these trade-offs is crucial for decisionmaking in order to optimize the dynamic performance of the system.
Conclusions
This paper describes a framework to assess multifunctionality in agricultural land-use systems that was tested in a case study of agrobiodiversity in tropical agroforestry systems. The assessment framework relies heavily on stakeholders' viewpoints to identify and integrate critical components of the system (proxies) via MCA, and to obtain indices to compare the performance of the whole and parts of the system. Furthermore, using MVA we extracted decision levers (factors) that can be used in decision-making to improve system multifunctionality, in our example emphasizing on agrobiodiversity-related functions. Results acknowledge the virtues of the Tomé-Açú agroforestry model to maintain high production while minimizing the ecological impacts. Main decision-making levers are correlated with the technical qualification of the farmers, their social-ecological adaptability and financial focus, and can be strengthened by good managerial skills and an appropriate organizational structure. Regarding the latter, the role played by the CAMTA in the organization of production, post-production and marketing is fundamental. Nevertheless, negative tradeoffs, such as the decrease in the indices of biodiversity and a fall in the production of biomass, are expected. The intrinsic flexibility of the proposed assessment framework, which can deal with multiple aspects adapted to diverse demands and be fine-tuned at almost every stage of analysis, seems capable of overcoming the limitations of conventional (restrictive) procedures, and links up well with support for decision-making. Nonetheless, a few aspects should be considered prior to implementation. In the demarcation of the conceptual, spatial and temporal boundaries of the system [35, 47, 58] compromises have to be made with respect to the extent of the system. Similarly, for the identification and selection of proxies, it is assumed that accuracy increases with detail [46] , which is often confronted with feasibility. In both cases, a casespecific selection is suggested for the system's boundaries as well as for proxy selection. Participatory dynamics, besides the intended advantages, i.e., adding legitimacy, sharing understanding and building trust [59] , can contribute to erroneous feedback by misinterpretation or even substitution of key concepts and procedures due to personal, professional or academic bias. This should be prevented by clarifying concepts and portraying the assessment framework in advance, as well as by applying step-by-step subroutines during the workshops. To overcome the 'static' character of MCA [36] , it is recommended to include proxies that embody the dynamic attributes of the system [60] . In this study, we have done so by incorporating proxies that track farmers' adaptive decisions (V2431) or estimate the degree of change supported by institutions (V4111). In the case of MVA, it can be observed that the results are not categorical responses, instead, they are clusters of variables subject to interpretation [52] . Once again, the dependence on stakeholder perception results in the inherent risk of applying participatory-based routines, and highlights the key procedural issue addressed in this study, i.e., the tradeoff between involving stakeholders in data definition, handling and interpretation against the coherence and reliability of the outcomes sought.
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process. Farmers were asked about their participation in the market: frequency, type of connection (individual, collective) and their current state of satisfaction, in a predesigned survey. Their responses were scored and the product of all the scores was divided into quintiles.
The calculation is similar to that shown above: an associated farmer with an average participation in the market (1-2 times/month) scores 5.0 × 0.8 × 0.9 = 3.6; a non-organized farmer who sells his/her production to intermediaries scores 1.0 × 0.4 × 1.0 = 0.4. 
Appendix. Proxies scoring
.2. Degree of farmers' market access
Access to marketing channels is an essential pre-requisite for the economic and social sustainability of the production 
